The Ras family GTPases (Ras, Rap1, and Rap2) and their downstream mitogen-activated protein kinases (ERK, JNK, and p38MAPK) and PI3K signaling cascades control various physiological processes. In neuronal cells, recent studies have shown that these parallel cascades signal distinct forms of AMPA-sensitive glutamate receptor trafficking during experience-dependent synaptic plas ticity and adaptive behavior. Interestingly, both hypo-and hyperactivation of Ras/ Rap signaling impair the capacity of synaptic plasticity, underscoring the importance of a "happy-medium" dynamic regulation of the signaling. Moreover, accumulating reports have linked various genetic defects that either up-or down-regulate Ras/Rap signaling with several mental disorders associated with learning disability (e.g., Alzheimer's disease, Angelman syndrome, autism, cardio-facio-cutaneous syndrome, Coffin-Lowry syndrome, Costello syndrome, Cowden and Bannayan-Riley-Ruvalcaba syn dromes, fragile X syndrome, neurofibromatosis type 1, Noonan syndrome, schizophrenia, tuberous sclerosis, and X-linked mental retardation), highlighting the necessity of happy-medium dynamic regulation of Ras/Rap signaling in learning behavior. Thus, the recent advances in understanding of neuronal Ras/Rap signaling provide a useful guide for developing novel treatments for mental diseases.
The sustained interest in synaptic plasticity stems from the belief that this process underlies key aspects of adaptive cognitive function such as learning and memory (Bliss and Collingridge 1993; Malenka and Nicoll 1999) . Long-term synaptic plasticity, the sustained synaptic modification after periods of repetitive synaptic activity, was first discovered in the hippocampus (Bliss and Lomo 1973) . The phenomenon has since been described in many other brain regions and used extensively as an experimental model for exploring the physiology and pathology of human learning and memory. Significant progress has been made in understanding different forms of synaptic plasticity, with the cellular, molecular, and signaling mechanisms best illustrated for N-methyl-d-aspartate (NMDA)-sensitive glutamate (Glu) receptor (R)-dependent forms of synaptic plasticity (Derkach and others 2007; Gu and Stornetta 2007; Isaac and others 2007; Kauer and Malenka 2007; Shepherd and Huganir 2007; Kerchner and Nicoll 2008; . Early physiology studies have identified the opening of NMDA-Rs and influx of calcium ions to be the two essential cellular events that trigger synaptic plasticity. Subsequent investigations have established trafficking of a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)-sensitive receptors at postsynaptic sites as a common mechanism for altering synaptic strength during plasticity. More recent works have implicated that the Ras family GTPases (i.e., Ras, Rap1, and Rap2) and their downstream mitogen-activated protein kinases (MAPK) and phosphoinositide 3-kinase (PI3K) signaling pathways serve as the key biochemical cascades linking activation of NMDA-Rs and calcium influx with phosphorylation and trafficking of AMPA-Rs during synaptic plasticity. In the meantime, accumulating reports have associated genetic mutations of various molecules involved in Ras and Rap signaling with several mental disorders causing learning disability, further underscoring the essential role of Ras and Rap signaling in both the physiology and the pathology of human learning and memory. Here, we review the current models for NMDA-R-dependent AMPA-R trafficking in synaptic plasticity, learning and memory, and mental diseases with learning disability, focusing on the regulation and dysregulation of Ras and Rap signaling in these physiological and pathological processes.
AMPA-R Trafficking and Synaptic Plasticity
Tetrameric AMPA-Rs can be classified into two major groups based on the composition of subunits encoded by four genes, GluR1-4 (Hollmann and Heinemann 1994; Schoepfer and others 1994) . One group consists of AMPA-Rs containing subunits with long cytoplasmic termini. These are GluR1, GluR2L (a long splice form of GluR2), and GluR4. The other group includes AMPA-Rs containing subunits with short cytoplasmic termini, that is, GluR2, GluR3, and GluR4c (a short splice form of GluR4). These distinct AMPA-Rs are involved in different synaptic trafficking events ( Fig. 1 ; Malinow and Malenka 2002; Collingridge and others 2004; Gu and Stornetta 2007) . Whereas GluR1, GluR4, and GluR2L take part in synaptic AMPA-R delivery during synaptic potentiation and synaptic AMPA-R removal during depotentiation, GluR2, GluR3, and GluR4c participate in synaptic AMPA-R removal during synaptic depression and one-to-one replacement during synaptic AMPA-R cycling. Additionally, these two groups of AMPA-Rs are involved in parallel, opposite trafficking during synaptic AMPA-R exchange. Among these trafficking events, the regulation of synaptic trafficking of AMPA-Rs with long cytoplasmic termini, particularly, GluR1-containing AMPA-Rs, has been most extensively examined ).
Synaptic AMPA-R Delivery during LTP
AMPA-Rs with long cytoplasmic termini (i.e., GluR1-, GluR2L-, or GluR4-containing AMPA-Rs) are normally restricted from synapses ( Fig. 1 ; Malinow and Malenka 2002) . They can be driven into synapses during synaptic enhancement (e.g., long-term potentiation, or LTP) within 15 to 20 min with a rate time constant of ~4 min (Fig. 2) . Interestingly, dependent on input origin, cell type, and developmental stage, different central synapses may selectively express one or multiple types of AMPA-Rs with long cytoplasmic termini (Rubio and Wenthold 1997; Toth and McBain 1998; Gardner and others 2001; Kielland and others 2009; Zhu 2009 ). For example, in CA1 pyramidal neurons of the hippocampus, GluR1, GluR2L, and GluR4 all can mediate CA3→CA1 transmission, but their involvement is developmentally regulated; GluR4 is expressed only in the first postnatal week, GluR1 expression increases with increasing age and reaches the maximal, sustained expression level after the third postnatal week, and the expression of GluR2L peaks at the end of the second postnatal week and then slowly declines to about half in the adult (Zhu and others 2000; Kolleker and others 2003) . Thus, GluR4 primarily mediates synaptic transmission in neonatal CA1 neurons, whereas GluR1 and GluR2L together mediate synaptic transmission in young and adult CA1 neurons. Interestingly, GluR1 differs from GluR4 and GluR2L in the PDZ motifs at its C-terminus. GluR1 has a canonical class I PDZ motif and mutations at this motif prevent synaptic trafficking of the receptor (Hayashi and others 2000; Passafaro and others 2001; Piccini and Malinow 2002) , whereas GluR4 and GluR2L have an unconventional PDZ motif, which ends with one extra residue (i.e., proline at GluR4 and serine at GluR2L) and deletion of the extra residue blocks synaptic incorporation of the receptors (our unpublished data).
In addition to the levels of protein expression, synaptic activity also regulates the relative contribution of AMPA-Rs with long cytoplasmic termini to synaptic transmission. Figure 2 . Time course of a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)-sensitive receptor (AMPA-R) trafficking during long-term potentiation (LTP), long-term depression (LTD), and depotentiation. A, Steady-state synaptic AMPA-Rmediated response amplitudes in CA1 pyramidal neurons expressing Ras(ca)-GFP or Ras(dn)-GFP and neighboring nonexpressing control neurons before and after LTP-inducing pairing. B, Steady-state synaptic AMPA-R-mediated response amplitudes in CA1 pyramidal neurons expressing Rap1(ca)-GFP or Rap1(dn)-GFP and neighboring nonexpressing control neurons before and after LTD-inducing pairing. C, Steady-state synaptic AMPA-R-mediated response amplitudes in CA1 pyramidal neurons expressing Rap1(ca)-GFP or Rap1(dn)-GFP and neighboring nonexpressing control neurons before and after LTP-and depotentiationinducing pairings. D, Subtracting synaptic AMPA-R-mediated responses in expressing neurons from neighboring nonexpressing control neurons gives the time course of LTP-, LTD-and depotentiation-induced alterations of synaptic efficacy. Note that the data points are fitted with a single exponential function to estimate rate time constants of AMPA-R trafficking during LTP, LTD, and depotentiation. The reanalysis uses the data collected in the previous studies others 2002, 2005) .
In the intact brain, spontaneous activity is prevalent (Zhu and Connors 1999; Buzsaki and others 2002; Margrie and others 2002) and is sufficient to drive synaptic delivery of GluR2L and GluR4 (Zhu and others 2000; Kolleker and others 2003; Zhu 2009 ). Thus, both GluR2L and GluR4 mediate a significant portion of transmission even though their total protein expression levels are much lower than GluR2 and GluR1 (Kolleker and others 2003; Zhu 2009 ). On the other hand, strong synaptic activity, such as LTPinducing stimuli, or experience-dependent activity and/or the presence of neuromodulatory factors (e.g., neuromodulators, hormones, and neurotrophic factors) in vivo is required for synaptic delivery of GluR1-containing AMPA-Rs (Hayashi and others 2000; Takahashi and others 2003; Qin and others 2005; Kielland and others 2009; Zhu 2009 ). Consequently, although GluR1 expression is high in neurons, only a small percentage (~5-10%) of the receptors are involved in synaptic transmission and the majority of the receptors are located at extrasynaptic sites (Shi and others 1999; Zamanillo and others 1999; Andrasfalvy and others 2003; Kielland and others 2009) . Supporting the idea of being differentially regulated, altering the expression level of GluR4, but not of GluR1, changes the relative contribution of these receptors to synaptic transmission (Zhu and others 2000; Qin and others 2005; Zhu 2009 ). Therefore, different synapses receiving different patterns of synaptic inputs may recruit specific AMPA-Rs with distinct subunit compositions (Kielland and others 2009; Zhu 2009 ). For example, in cortical spiny stellate and pyramidal neurons, GluR1 mediates transmission at intracortical synapses, but not at thalamocortical synapses, whereas GluR4 mediates transmission at both synapses (Zhu 2009 ). Similarly, GluR1 mediates transmission at retinogeniculate synapses, but not corticogeniculate synapses, whereas GluR4 mediates both retinogeniculate and corticogeniculate transmission in geniculate neurons of the thalamus (Kielland and others 2009) . Selective incorporation of distinct AMPA-Rs allows different types of central synapses to participate in different forms of synaptic potentiation: spontaneous activity-and/ or experience-dependent synaptic enhancements Kielland and others 2009; Zhu 2009 ). In addition, because GluR1-, GluR2L-, and GluR4-containing AMPA-Rs differ significantly in their gating properties (Jonas 2000) , selective incorporation of distinct AMPA-Rs also allows different central synapses to generate transmission with very different kinetics and to compute various synaptic inputs arriving at the different subcellular compartments of neurons (Toth and McBain 1998; Zhu 2000; Gardner and others 2001; Froemke and others 2005; Kielland and others 2009; Zhu 2009 ).
GluR1-and GluR4-containing AMPA-Rs that lack GluR2 exhibit increased Ca 2+ -permeablity and enhanced rectification, which alter synaptic function and plasticity, and may cause or exacerbate some diseases (Cull-Candy and others 2006). GluR2-lacking AMPA-Rs usually contribute little transmission in adult principal neurons because the endoplasmic reticulum (ER) normally only allows the exit of properly assembled, GluR2-containing AMPA-Rs for synaptic delivery in these neurons (Greger and others 2003) . However, neonatal pyramidal neurons display more rectified responses, indicative of GluR2-lacking AMPA-Rs, compared to nearby neurons with synaptic AMPA-R delivery blocked (Zhu and others 2000) , or mature neurons (Kumar and others 2002) . This presumably results from the low GluR2 expression level during early development, compelling neurons to use GluR2-lacking AMPA-Rs (Zhu and others 2000) . Similar circumstances may occur when GluR2 trafficking is impaired, resulting in the same predominance of GluR2-lacking AMPA-Rs in synaptic transmission and perhaps aggravating pathological conditions, such as ischemia, amyotrophic lateral sclerosis, and drug abuse (Liu and others 2004; Bellone and Luscher 2006; Clem and Barth 2006; Lai and others 2006; Liu and others 2006; Mameli and others 2007; Conrad and others 2008) .
Synaptic AMPA-R Removal during Depotentiation
Some of the newly delivered AMPA-Rs with long cytoplasmic termini are removed from synapses during depotentiation ( Fig. 1 ; Zhu and others 2005), a form of synaptic depression that only occurs at recently (within a short window of ~0.5-2 h) potentiated synapses but not naïve synapses (Fujii and others 1991; O'Dell and Kandel 1994; Huang and others 1999; Zhou and others 2003) . Synaptic removal of GluR2L-and GluR1-containing AMPA-Rs can occur rapidly, that is, within ~15 to 25 min with a rate time constant of ~4 min (Fig. 2) . The removed AMPA-Rs are recycled into the deliverable AMPA-R pool near the postsynaptic density (PSD), and the recycled AMPA-Rs are crucial for synaptic reinsertion in subsequent synaptic enhancements others 2004, 2006; Kielland and others 2009; Petrini and others 2009 ).
Synaptic AMPA-R Exchange
The other synaptic AMPA-Rs with long cytoplasmic termini are exchanged with AMPA-Rs with short cytoplasmic termini (i.e., GluR2/3 AMPA-Rs) via an activityindependent process ( Fig. 1 ) (Zhu and others 2000; Kolleker and others 2003; McCormack and others 2006) . This exchange process includes two activity-independent antiparallel AMPA-R trafficking events, both with slow rate time con stants of ~16 h (McCormack and others 2006) . As a con sequence, following activity-dependent synaptic enhancement, synaptic strength initially appears lowered before returning to the potentiated level. This interesting phenomenon, originally observed (but not published) during the investigation of the long-term fate of newly delivered GluR4 after synaptic enhancement (Zhu and others 2000) , provided the first clue that synaptic strength must be coded by molecules other than AMPA-Rs during synaptic exchange and inspired Malinow and colleagues to propose the "slot" theory. This model proposes that slot proteins or protein complexes (presumably consisting of certain PSD proteins), which are delivered or removed with AMPA-Rs during fast activity-dependent synaptic enhancement, depotentiation, or depression, act as AMPA-R placeholders allowing a one-to-one replacement during the much slower activityindependent synaptic exchange (Hayashi and others 2000) . The same pattern of initial lessening and then return to potentiated synaptic strength has also been observed during synaptic exchange of GluR1-and GluR2L-containing AMPA-Rs (McCormack and others 2006) . These authors have further demonstrated that synaptic removal of GluR1, GluR2L, or GluR4 and the addition of GluR2/3 replenish the synapses' ability to produce new potentiation and depression, respectively, indicating the essential role of synaptic AMPA-R exch ange in maintaining the capacity for bidirectional plasticity (McCormack and others 2006) . It remains to be determined whether the exchanged GluR1-, GluR2L-, or GluR4-containing AMPA-Rs are recycled into the deliverable pool for redelivery to the synapse.
Synaptic AMPA-R Cycling
AMPA-Rs with only short cytoplasmic termini (e.g., GluR2/3 AMPA-Rs) constitutively cycle between synaptic and nonsynaptic sites at a rapid rate time constant of ~15 to 20 min ( Fig. 1 ). This process makes one-to-one replacements of AMPA-Rs, and requires no synaptic activity (Nishimune and others 1998; Osten and others 1998; Song and others 1998; Luscher and others 1999; Lee and others 2002) . According to the slot hypothesis, the slot proteins, which can be added or removed with AMPA-Rs only during activity-dependent synaptic enhancement or depression, also play a central role in maintaining the constant transmission strength during activity-independent synaptic AMPA-R cycling. It has been speculated that the majority of AMPA-Rs in the cycling pool are synaptic with only a small number of them at nonsynaptic sites and addition of GluR2/3 AMPA-Rs coming from the exchange is added into the same cycling pool at a slow rate of 15 to 18 h (McCormack and others 2006) . This idea is supported by the findings that synaptic responses recover at a slow rate time constant of ~16 h after pharmacological inactivation of all surface AMPA-Rs (Adesnik and others 2005) , as well as by direct immunogold labeling of GluR2/3 AMPA-Rs (our unpublished results). Together, synaptic exchange and cycling of AMPA-Rs play a key role in maintaining synaptic efficacy without being affected by continuous protein turnover.
Synaptic AMPA-R Removal during LTD
AMPA-Rs with short cytoplasmic termini (i.e., GluR2/3 AMPA-Rs) can be removed from synapses during synaptic depression (e.g., long-term depression, or LTD; Fig. 1 ; Zhu and others 2002; Chung and others 2003; Seidenman and others 2003) . GluR2/3 can be removed within ~15 to 25 min with a rate time constant of ~4 min during LTD (Fig. 2) . The removed receptors (presumably together with slot proteins) are diverted to the late endosomes/ lysosomes via clathrin-dependent endocytosis (Beattie and others 2000; Wang and Linden 2000; Lee and others 2004; . Knockout mice deficient in the expression of both GluR2 and GluR3 show little absolute depression of synaptic transmission after LTDinducing stimuli (Meng and others 2003) , consistent with the fact that no GluR2/3 AMPA-Rs are available for removal from synapses of these mice. However, the baseline transmission in these mice is so severely reduced that any change in synaptic strength would appear as relatively large, thus the seemingly "normal" LTD (Meng and others 2003) . 
Ras-MAPK Signaling and Synaptic Plasticity
Ras family small GTPases (i.e., Ras, Rap1, and Rap2) are guanine-nucleotide-binding proteins that serve as molecular "switches" by cycling between active (GTP-bound) and inactive (GDP-bound) states (Takai and others 2001) . In neuronal cells, Ras, Rap1 and Rap2, are differentially stimulated by different forms of synaptic activity via activation of NMDA-Rs and influx of calcium to independently control three activity-dependent AMPA-R trafficking events (Thomas and Huganir 2004; Tada and Sheng 2006; Gu and Stornetta 2007) . Particularly, LTP-inducing stimuli activate the Ras-extracellular signal-regulated kinase (MEK)-extracellular signal-regulated kinase (ERK) and Ras-phosphoinositide 3-kinase (PI3K)-protein kinase B (PKB/AKT) signaling pathways, which phosphorylate AMPA-Rs with long cytoplasmic termini and drive these receptors into synapses. LTD-inducing stimuli activate the Rap1-p38MAPK signaling pathway, which phosphorylates AMPA-Rs with only short cytoplasmic termini and leads to synaptic removal of the receptors. Depotentiation-inducing stimuli activate the Rap2-c-Jun amino-terminal kinase (JNK)-protein phosphatase 2B (PP2B, also known as calcineurin) signaling pathway, which dephosphorylates AMPA-Rs with long cytoplasmic termini and triggers synaptic removal of the receptors.
Ras Signals Synaptic AMPA-R Delivery during LTP
The small GTPase Ras controls synaptic delivery of AMPA-Rs with long cytoplasmic termini during LTP ). Synaptic activity increases the level of active GTP-bound Ras, which binds its downstream effector, BRaf, to stimulate the MEK-ERK pathway. Activation of MEK-ERK signaling stimulates phosphorylation of GluR1 at S845 and GluR2L at S841. This single phosphorylation is sufficient to drive synaptic delivery of GluR2L but not GluR1 during LTP. Although ERK is unlikely to phosphorylate AMPA-Rs directly, other downstream serine/threonine kinases, such as p90 ribosomal S6 kinase (RSK) and/or mitogen-and stressactivated protein kinase (MSK), may serve this function (Waskiewicz and others 1997; Kyriakis and Avruch 2001) . Strong synaptic activity, experience-dependent activity, and/or the presence of neuromodulatory factors stimulate additional Ras signaling and activate the PI3K-PKB pathway. The signaling stimulates phosphorylation of GluR1 at S831 most likely through downstream serine/threonine kinases, such as the mammalian target of rapamycin (mTOR, also known as FRAP1) and/or glycogen synthase kinase (GSK, also known as tau protein kinase; Datta and others 1999; Vivanco and Sawyers 
2002
). The phosphorylation of GluR1 at both S845 and S831 drives GluR1 into synapses during LTP. These results are consistent with the findings that LTP induces activation of MEK-ERK and PI3K-PKB signaling and that inhibiting these signaling pathways blocks LTP (English and Sweatt 1997; Kelly and Lynch 2000; Raymond and others 2002; Zhu and others 2002; Qin and others 2005; Horwood and others 2006) . Together, these findings establish the foundation for the model that phosphorylation disrupts the retention of AMPA-Rs with long cytoplasmic termini at nonsynaptic sites and initiates their synaptic trafficking and incorporation (Malinow and Malenka 2002; Thomas and Huganir 2004) .
It is possible that phosphorylation of other cytoplasmic terminal sites of the receptors may also be involved; one study has reported that synaptic incorporation of GluR1 requires phosphorylation at S816 and S818 (Boehm and others 2006) , whereas others have shown the phosphorylation of S816 and S818 of GluR1 facilitates its dendritic membrane surface delivery rather than synaptic incorporation in spines (Kessels and others 2009; Lin and others 2009) . Importantly, recent studies have demonstrated that after opening of synaptic NMDA-R channels, calcium/ calmodulin-dependent protein kinase II (CaMKII) activates briefly prior to Ras activation (Yasuda and others 2006; Lee and others 2009), and Ras is necessary and sufficient to mediate CaMKII-stimulated synaptic AMPA-R delivery during synaptic potentiation (Zhu and others 2002; Hu and others 2008) , consistent with the suggestion that CaMKII regulates Ras signaling via RasGEFs and/or RasGAPs (Chen and others 1998; Kim and others 1998; Rumbaugh and others 2006) . Because CaMKII is not involved in synaptic plasticity in neonatal neurons (Zhu and others 2000; Yasuda and others 2003) , synaptic activity may directly stimulate Ras signaling via other Ras regulators, such as son of sevenless (SOS), during early development (Tian and others 2004) . Thus, in the current model, synaptic activity stimulates the Ras-BRaf-MEK-ERK and Ras-PI3K-PKB pathways to control phosphorylation of AMPA-Rs with long cytoplasmic termini and their subsequent synaptic delivery during LTP.
Rap1 Signals Synaptic AMPA-R Removal during LTD
The small GTPase Rap1 controls synaptic removal of AMPA-Rs with short cytoplasmic termini during LTD (Fig. 4; Zhu and others 2002; McCormack and others 2006) . LTD-inducing stimuli (e.g., low frequency synaptic inputs) activate Rap1, which activates p38MAPK to remove synaptic GluR2/3 AMPA-Rs during LTD. Because phosphorylation of GluR2/3 is unlikely due directly to p38MAPK, other protein kinases, such as MAP kinaseinteracting kinase (MNK) and/or p38-regulated/activated kinase (PRAK), may relay Rap1-p38MAPK signaling (Kyriakis and Avruch 2001; Gallo and Johnson 2002) . The ultimate molecular target of Rap1-p38MAPK remains undefined, but S880 of GluR2 at its PDZ ligand domain is a good candidate. Phosphorylation of GluR2 at S880 disrupts its interaction with glutamate receptor-interacting protein/AMPA-binding protein (GRIP/ABP) but not with PKC-interacting protein 1 (PICK1; Chung and others 2000; Matsuda and others 2000) , which reduces the recycling of GluR2/3 AMPA-Rs and thus depresses synaptic transmission (Daw and others 2000; Braithwaite and others 2002; Seidenman and others 2003; Lin and Huganir 2007) . These studies are consistent with the model that Rap1-p38MAPK initiates phosphorylation of AMPA-Rs with short cytoplasmic termini to control synaptic removal of GluR2/3 AMPA-Rs during LTD.
Rap2 Signals Synaptic AMPA-R Removal during Depotentiation
The small GTPase Rap2 controls synaptic removal of AMPA-Rs with long cytoplasmic termini during depotentiation (Fig. 5; Zhu and others 2005; Kielland and others 2009) . In response to depotentiation-inducing stimuli (e.g., low frequency synaptic inputs after LTP), Rap2 stimulates JNK activity via interaction of Traf2-and NCK-interacting kinase (TNIK) and MINK2 (a TNIK-related kinase). The Rap2-JNK-stimulated dephosphorylation and synaptic removal of GluR1 and GluR2L during depotentiation seems to be mediated by PP2B/calcineurin, consistent with the finding that PP2B is necessary and sufficient for depotentiation (Mulkey and others 1993; Zhuo and others 1999; Malleret and others 2001) . This view is further supported by a recent report that PP2B is central for synaptic removal of GluR1 in cultured neurons (Bhattacharyya and others 2009) , in which GluR1 is constitutively delivered to synapses and could thus be removed via a depotentiation process ). These studies support the model that Rap2-TNIK-JNK-PP2B signals dephosphorylation of AMPA-Rs with long cytoplasmic termini to control synaptic AMPA-R removal during depotentiation.
Ras and Rap Signaling in Synaptic and Subcellular Compartments
Ras proteins achieve their functional specificity by forming distinct signaling complexes with their various downstream effectors in different subcellular compartments (Mochizuki and others 2001; Mor and Philips 2006; Omerovic and Prior 2009; Zeke and others 2009 ). On the membrane, ~40% of activated Ras-GTP molecules form immobile nanoclusters that can recruit their downstream signaling effectors to achieve functional signal transduction, whereas the remaining ~60% of Ras-GTP molecules are freely diffusing monomers that are not engaged in signaling and therefore are nonfunctional (Murakoshi and others 2004; Plowman and others 2005; Tian and others 2007) . In neuronal cells, recent in vivo results have shown that experience-dependent activity stimulates local Ras and Rap signaling to control synaptic plasticity and AMPA-R trafficking in individual synapses without affecting different types of synapses separated spatially by less than 1 mm (Kielland and others 2009; Zhu 2009 ), suggesting Ras and Rap signaling to be synapse specific between different types of synapses. It is possible however, as recently shown by in vitro studies, that mobile, nonfunctional Ras-GTP molecules can spread up to 10 mm away and possibly integrate into the local signaling complexes of the same type of neighboring synapses to modulate their plasticity threshold (Harvey and Svoboda 2007; Harvey and others 2008) . At single synapses, the Ras and Rap signaling pathways independently control synaptic trafficking of distinct AMPA-Rs during different forms of synaptic plasticity with little signaling cross-talk (Zhu and others 2002; Qin and others 2005; Zhu and others 2005; Kielland and others 2009), suggesting the existence of a signaling-specific mechanism within individual synapses as well. Forming distinct signaling complexes in the membrane of different cell surface subdomains (i.e., bulk plasma membrane and lipid raft) or intracellular organelles (i.e., ER, Golgi, endosomes, and mitochondria) is a promising mechanism for Ras and Rap to independently signal distinct forms of synaptic AMPA-R trafficking and plasticity both between different synapses and within individual synapses.
Synaptic AMPA-R Trafficking and Learning and Memory
Synaptic trafficking of AMPA-Rs mediates experiencedependent synaptic plasticity, as well as learning and memory. In particular, independent studies have demonstrated that sensory experience-dependent synaptic activity drives synaptic incorporation of GluR1-containing AMPA-Rs at cortical and thalamic synapses (Takahashi and others 2003; Clem and Barth 2006; McCormack and others 2006; Kielland and others 2009; Zhu 2009 ). Consistent with this idea, assuming neurons undergo new experience when animals are awake but not when they are asleep, physiological studies have demonstrated that GluR1-containing AMPA-Rs functionally incorporate into hippocampal and cortical synapses in awake, but not sleeping animals Hu and others 2008) . This finding is further supported by biochemical assays showing enhanced PI3K-PKB signaling, elevated phosphorylation, and synaptic expression of GluR1 in awake animals compared to sleeping animals Hu and others 2008; Vyazovskiy and others 2008) . Interestingly, synaptic incorporation of GluR2Land GluR4-containing AMPA-Rs occurs at hippocampal and cortical synapses in both awake and sleeping animals, requiring only spontaneous, experience-independent synaptic activity Hu and others 2008; Zhu 2009 ). Consistent with the notion that experiencedependent activity is essential for synaptic trafficking of GluR1, sensory deprivation blocks synaptic delivery and/ or causes synaptic removal of GluR1 (Wright and others 2008; Kielland and others 2009) . Importantly, active learning stimulates PI3K signaling and inhibiting PI3K signaling blocks associative learning but not spatial learning (Lin and others 2001; Chen and others 2005; Horwood and others 2006) . Moreover, associative learning drives synaptic insertion of GluR1-containing AMPA-Rs and blocking synaptic delivery of GluR1 blocks this form of learning (Rumpel and others 2005; Hu and others 2007; Matsuo and others 2008) . Finally, GluR1 knockout mice exhibit selective impairment of associative learning but not spatial learning (Zamanillo and others 1999; others 2004, 2005; Sanderson and others 2007) . Together, these results suggest that synaptic delivery of GluR1 plays a central role in consciousness-dependent associative learning.
The functional implications of other forms of synaptic AMPA-R trafficking in learning and memory are less clear. Whereas GluR1 knockout mice show normal spatial learning (Zamanillo and others 1999) , GluR2 knockout mice have impaired spatial learning (Shimshek and others 2006) , suggesting that synaptic trafficking of GluR2L and/or GluR2 may be important for this form of learning. In addition, recent studies have shown that hyperactivation of mGluR-mediated LTD, which removes synaptic GluR2/3 AMPA-Rs via stimulating p38MAPK signaling (Hsieh and others 2006) , impairs inhibitory avoidance extinction (Dolen and others 2007) . Thus, synaptic removal of GluR2/3 AMPA-Rs during LTD may correlate with eliminating learned experience and/or creating memory from new learning. Using a conditional knockout approach, a recent study has shown that long-term deletion of GluR1 or GluR1 and GluR2 severely reduces basal CA3→CA1 transmission by ~80% and ~95%, respectively (far more than the 50% share of synaptic GluR1-and GluR2Lcontaining AMPA-Rs determined in acute experiments; see also below; Lu and others 2009), supporting the notion that ultimately synaptic delivery of GluR1/GluR2L and slot proteins plays a dominant role in determining synaptic strength and that synaptic AMPA-R exchange allows LTP to replenish the slot protein pool being continuously depleted by LTD (McCormack and others 2006) . On the other hand, long-term deletion of GluR2 or GluR2 and GluR3 reduces the basal transmission by ~50% (Lu and others 2009 ), suggesting that complementary mechanisms may allow LTP to deliver fewer GluR1, depotentiation to remove more GluR1, and/or LTD to directly remove GluR1 if synaptic GluR1 fails to be exchanged with GluR2/3. Thus, the findings reported by Lu and colleagues underscore the subservient but imperative role of synaptic exchange with GluR2/3 AMPA-Rs in long-term preservation of newly gained synaptic efficacy (McCormack and others 2006) . Together, these studies support the speculation that activity-independent synaptic AMPA-R exchange is vital for the long-term preservation and/or consolidation of learned experience (Matsuo and others 2008; ). Obviously, much more work is needed to determine the functional role of each synaptic trafficking element in learning and memory.
"Happy-Medium" Dynamic Regulation of Synaptic Signaling and Trafficking
Based on the clinical observations and behavioral analysis of mouse models for mental diseases, it has been proposed that learning and memory require a "happy-medium" dynamic regulation of Ras signaling (Costa and Silva 2003; Thomas and Huganir 2004) ; namely, learning ability will be impaired when the signaling dynamics are lessened due to the excessive up-or down-regulation of the activities of signaling molecules. Direct manipulation of Ras and Rap signaling has revealed that both hypoand hyperregulation of Ras/Rap signaling impair synaptic AMPA-R trafficking and synaptic plasticity, provi ding a cellular and molecular foundation for this theory (McCormack and others 2006) . This study further illustrates that happy-medium dynamic regulation of Ras and Rap signaling sets an ideal ratio of AMPA-Rs with long and only short cytoplasmic termini at synapses, which is the key to maintaining an optimal capacity of bidirectional synaptic plasticity (i.e., synaptic potentiation and depression; McCormack and others 2006). Indeed, the majority of studies have found the ratio of synaptic AMPA-Rs with long cytoplasmic termini and only short cytoplasmic termini to be ~1:1 on average, or each group of AMPA-Rs contributes ~50% to the basal transmission (e.g., Wenthold and others 1996; Nishimune and others 1998; Luscher and others 1999; Luthi and others 1999; Xia and others 2000; Shi and others 2001; Zhu and others 2002; Kessels and others 2009; Kielland and others 2009; Zhu 2009 ). In addition, many researchers have independently reported that the maximal amounts of LTP and LTD are ~100% and ~50%, respectively (e.g., Zhu . The 50% reduction in transmission by maximal LTD is consistent with the proportion of AMPA-Rs with short cytoplasmic termini, or LTD-targeting GluR2/3 AMPA-Rs, in the total pool of synaptic AMPA-Rs. The 100% increase in transmission by maximal LTP is likely to be determined by the capacity of the PSD to hold additional AMPA-Rs and/or the availability of AMPA-Rs with long cytoplasmic termini (e.g., GluR1) in the deliverable pool in the nearby PSD (Kielland and others 2009; Petrini and others 2009). A recent report shows the number of GluR1 receptors in the deliverable pool to be roughly equal to those at synapses (Kielland and others 2009), providing an explanation for the size of maximal LTP. These experimental findings predict that genetic defects of molecules that disrupt the normal dynamic regulation of Ras and Rap signaling will reduce the capacity of synaptic plasticity and impair learning and memory, which is supported by clinical and genetic studies of a number of mental disorders with cognitive impairments (Eng 2003; Roberts and others 2006; Schubbert and others 2007; Ehninger and others 2008; Orloff and Eng 2008; Levitt and Campbell 2009 ).
Synaptic Dysfunction in Mental Disorders
Mental disorders affect about 1 in 17 children and adults. Often the disorders are associated with intellectual impairments; close to half of the patients, representing 2% to 3% of the human population, have a severe learning disability with an IQ < 70. Recent work, particularly genetic screening, has linked genetic defects of various molecules that cause aberrant Ras and Rap signaling with a number of mental disorders with deficits in cognitive functioning and adaptive behaviors (Fig. 6; Eng 2003; Zhu and others 2004b; Roberts and others 2006; Schubbert and others 2007; Ehninger and others 2008; Orloff and Eng 2008; Levitt and Campbell 2009 ). These findings underscore the essential role of Ras and Rap signaling in controlling synaptic AMPA-R trafficking during synaptic plasticity (Thomas and Huganir 2004; Gu and Stornetta 2007) , the foundation of learning and memory ). Here, we will further discuss the dysfunction of molecules involved in more than a dozen mental diseases associated with learning and memory impairment.
Alzheimer's Disease
Alzheimer's disease is a progressive neurodegenerative disorder with its neuropathology first reported in 1906 by Alois Alzheimer, a Bavarian psychiatrist (Alzheimer 1907) . This is the most common mental disorder affecting more than 30 million people worldwide, one in eight persons over 65 and nearly half of those over 85. The disorder is characterized by early deficits in learning and memory followed by loss of other higher cognitive functions, which correlate with synaptic depression and then frank neuronal degeneration (Price and Sisodia 1998; Haass and Selkoe 2007) . During the early stages of cognitive decline, patients exhibit an interesting pathological hallmark, concurrent reduction in synaptic density and increase in synaptic size (DeKosky and Scheff 1990; Scheff and others 2007) . Consistent with the enhanced synaptic depression, activities of p38MAPK, JNK, and PP2B, which stimulate synaptic removal of AMPA-Rs others 2002, 2005; Bhattacharyya and others 2009; Kielland and others 2009) , are elevated in Alzheimer's patients and aging animal models (Savage and others 2002; Zhu and others 2004a; Ferrer and others 2005; Norris and others 2005) . Beta amyloid (Ab), a peptide derivative of amyloid precursor protein, is excessively deposited in people with Alzheimer's disease. Ab activates p38MAPK and enhances synaptic removal of GluR2/3 AMPA-Rs during LTD (Kamenetz and others 2003; Hsieh and others 2006) . Because Ab does not affect synaptic JNK signaling (Hsieh and others 2006) , it remains to be determined whether overproduction of other regulatory molecules, such as p25, a specific cyclin-dependent kinase 5 (Cdk5) activator, in Alzheimer's patients (Patrick and others 1999; Cruz and Tsai 2004) , stimulates JNK and PP2B signaling, and thus enhances synaptic removal of AMPA-Rs and depotentiation during the pathogenesis of the disease.
Angelman Syndrome
Angelman syndrome is a neurodevelopmental disorder first identified by Harry Angelman, an English pediatrician in 1965 (Angelman 1965) . The disorder, which occurs in one of every 15,000 to 20,000 births, is characterized by severe learning disability and epilepsy, and caused by a variety of genetic abnormalities involving the chromosome 15q11-13 region, due primarily to defects of the UBE3A gene in that region (Clayton-Smith and Laan 2003) . Animal models with a null mutation for UBE3A show learning deficits due to an elevated level of phosphorylation of CaMKII at T286 and T305, which inhibits CaMKII activity (Jiang and others 1998; Weeber and others 2003; van Woerden and others 2007) . These results are consistent with the findings of a postnatal onset of symptoms in humans and selective impairment of experiencedependent LTP in animal models (Weeber and others 2003; Yashiro and others 2009) , given that CaMKII stimulates postnatal sensory experience-dependent Ras signaling and synaptic delivery of GluR1-containing AMPA-Rs during plasticity (Hayashi and others 2000; Zhu and others 2002; Qin and others 2005; Kielland and others 2009) . Interestingly, LTD is also impaired in UBE3Adeficient mice. It remains unclear whether the defect is due directly to the impairment of other signaling molecules that regulate synaptic AMPA-R removal and depression (Yashiro and others 2009) , and/or secondary to the impairment of synaptic delivery of GluR1 and slot proteins that may ultimately reduce available GluR2/3 AMPA-Rs for LTD (see above discussion and also McCormack and others 2006; Lu and others 2009). Autism Autism, first described by Leo Kanner in 1943 (Kanner 1943 , encompasses a spectrum of highly heritable autism spectrum disorders with patients displaying impairments in social interaction, language, and repetitive or restrictive behaviors and interests (Geschwind 2009; Levitt and Campbell 2009; Vaccarino and others 2009 ). This is a very common neurodevelopmental disease with onset prior to the age of three and affecting 1 of every 150 individuals. Children with autism spectrum disorders often have a characteristic large head circumference and develop epilepsy; nearly half of them show severe intellectual disability. Either single gene mutations or a combination of moderate defects of multiple genes may cause autism. Genetic research has linked certain genes, such as receptor tyrosine kinases (RTKs), phosphatase and tensin homolog (PTEN), and SH3 and multiple ankyrin repeat domains protein 3 (Shank3) with a few autism spectrum disorders with high penetrance (Goffin and 
Cardio-facio-cutaneous Syndrome
Cardio-facio-cutaneous syndrome, first reported by colleagues in 1986 (Reynolds and others 1986) , is a sporadic developmental disorder with characteristic craniofacial features, cardiac defects, ectodermal abnormalities, and developmental delay (Roberts and others 2006) . Although the exact prevalence remains unclear, the syndrome is likely to represent a very rare genetic condition (or an orphan disease) with only 100 patients reported in the literature so far. Genetic screening has associated more than 20 mutations in four different genes, BRaf (the majority of cases), KRas, MEK1, and 
Coffin-Lowry Syndrome
Coffin-Lowry syndrome, first reported by Coffin and coworkers and Lowry and colleagues (Coffin and others 1966; Lowry and others 1971) , is a rare X-linked disorder characterized in patients by mental retardation as well as characteristic facial and skeletal abnormalities (Touraine and others 2002; Shalin and others 2006) . The disease affects 1 in 40,000 to 50,000 births with the manifestations milder in females than in males. Genetic studies have associated p90 ribosomal S6 kinase-2 (RSK-2), one of four RSK family kinases, with the disease (Trivier and others 1996; Jacquot and others 1998; Delaunoy and others 2001) . Because RSK is a serine-threonine protein kinase relaying the signaling downstream of the Ras-BRaf-MEK-ERK pathway (Thomas and Huganir 2004) , it is likely that mutations of RSK impair the Ras-stimulated phosphorylation and synaptic incorporation of AMPA-Rs during plasticity. This notion is supported by recent findings that activation of NMDA-Rs stimulates RSK activity and impaired RSK signaling reduces synaptic AMPA responses (Thomas and others 2005) .
Costello Syndrome
Costello syndrome is a rare syndrome first described by Costello in 1977 (Costello 1977 . This is another orphan disease with just over 100 patients now reported in the literature. Patients with Costello syndrome have mental retardation, cardiac defects, and ectodermal and musculoskeletal anomalies (Rauen 2007) . Genetic studies have correlated the clinical diagnosis of the syndrome with missense point mutations in the gene HRas with a majority of the alternations occurring in codons 12 and 13 (i.e., G12→S, G12→A, G13→C), implicating a possible gain of function of Ras signaling (Aoki and others 2005; Estep and others 2006; Kerr and others 2006) . Given the key role of Ras signaling in controlling synaptic AMPA-R delivery during plasticity McCormack and others 2006; Kielland and others 2009 ), it will be interesting and important to determine whether and how these missense mutations impair synaptic AMPA-R trafficking and plasticity, as well as learning and memory.
Cowden and Bannayan-Riley-Ruvalcaba Syndromes
Cowden syndrome (CS) is a multisystem disorder first described by Lloyd and Denis in 1963 (Lloyd and Denis 1963) and named after the family in which it was initially reported. The syndrome shows increased risks for malignancies and benign hamartomatous overgrowth and has an estimated prevalence of about 1 in 200,000 individuals (Hanssen and Fryns 1995; Gustafson and others 2007; Pilarski 2009 ). About 15% of patients also show developmental problems and mental retardation. Bannayan-Riley-Ruvalcaba syndrome (BRR) is a similar disorder named after the three people first reporting the syndrome: Bannayan, Riley, and Ruvalcaba (Riley and Smith 1960; Bannayan 1971; Zonana and others 1976; Ruvalcaba and others 1980) . As with CS, some BRR patients have learning disabilities (Lynch and others 2009) . Whereas ~80% of patients with CS have an identifiable germline mutation in the PTEN gene (Liaw and others 1997; Nelen and others 1997) , ~60% of patients with BRRS have detectable coding sequence mutations in PTEN (Marsh and others 1999; Perriard and others 2000; Lachlan and others 2007) . BRR and CS may be one condition, with BRR having a childhood onset and CS having an adulthood onset. Because PTEN codes a phosphatase that negatively regulates PI3K-AKT signaling, it is possible that loss-offunction mutations of PTEN may cause learning disability in the patients by excessively elevating synaptic PI3K-AKT signaling and enhancing GluR1 trafficking Hu and others 2008) .
Fragile X Syndrome
Fragile X syndrome is a common inherited form of mental retardation first linked to a fragile X chromosome by Lubs (Lubs 1969) . The syndrome affects approximately 1 in every 4000 males and 1 in every 8000 females, and is caused by the loss of FMR1 gene function and fragile X mental retardation protein (FMRP) coded by FMR1, which modulates the function of a large number of other proteins (O'Donnell and Warren 2002; Bagni and Greenough 2005) . Patients with fragile X syndrome typically have a moderate learning deficit, and the deficit is particularly pronounced in active, high-level associative learning (Lanfranchi and others 2009) . Their IQ declines from ~80 at 5 years of age to ~50 through puberty due to suboptimal intellectual growth (Skinner and others 2005; Hall and others 2008) . Huber and colleagues have first investigated the cellular mechanism of the syndrome (Huber and others 2002) . These authors reported that metabotropic glutamate receptor (mGluR)-dependent LTD is modestly up-regulated by ~10% to 15% in FMR1 knockout mice, a mouse model for fragile X syndrome (Bakker and others 1994) , suggesting impaired mGluR signaling to be responsible for certain forms of impaired learning associated with the syndrome (Pfeiffer and Huber 2009 ). Recent studies have indicated that NMDA-R-dependent LTP is reduced in FMR1 knockout mice as well (Zhao and others 2005; Lauterborn and others 2007; Meredith and others 2007; Hu and others 2008) , due to the selective impairment of signal transduction between Ras and PI3K that impairs GluR1-dependent (but not GluR2L-and GluR4-dependent) plasticity in FMR1 knockout mice (Hu and others 2008) . The selective impairment of Ras-PI3K and GluR1-dependent plasticity explains the behavioral observations that FMR1 knockout mice have selective defects in associative learning but no defect in spatial learning (Bakker and others 1994; D'Hooge and others 1997; Paradee and others 1999; Dobkin and others 2000; Van Dam and others 2000; Frankland and others 2004; Zhao and others 2005) , phenocopying GluR1 knockout mice (Zamanillo and others 1999; Schmitt and others 2005) , or animals with PI3K signaling inhibited (Lin and others 2001; Chen and others 2005; Horwood and others 2006) . The impairment of Ras-PI3K signaling also provides a mechanism for the predominant features associated with fragile X syndrome, including dendritic spine dysmorphogenesis (Comery and others 1997; Irwin and others 2001; Nimchinsky and others 2001; Grossman and others 2006) 
Neurofibromatosis Type 1
Neurofibromatosis type 1 (NF1), formerly known as von Recklinghausen disease (Reynolds and others 2003) , is a neurocutaneous disorder with a prevalence of approximately 1 in 3500 people (Costa and Silva 2003; Williams and others 2009) . Learning disability is the most commonly reported complication of NF1 in childhood and is present in 40% to 60% of the cases. The disorder is caused by mutations in the NF1 gene, which encodes neurofibromin. Because neurofibromin contains a GTPase-activating protein (GAP)-related domain and functions as a RasGAP, mutations of NF1 result in hyperactivation of Ras signaling. Genetic or pharmacological suppression of Ras signaling reverses the deficits in LTP and learning in mouse models of NF1 (Costa and others 2002; Li and others 2005; Cui and others 2008) . One recent study also suggests that genetic reduction of NF1 expression in inhibitory interneurons, but not excitatory neurons, is responsible for the impaired LTP and learning associated with NF1 (Cui and others 2008) . The unanswered question is whether NF1, which is expressed at postsynaptic sites of excitatory neurons (Husi and others 2000) , is involved in the regulation of certain forms of synaptic plasticity and learning.
Noonan Syndrome
Noonan syndrome, first described by Noonan and Ehmke (Noonan and Ehmke 1963) , is a syndrome where patients typically have a short stature, congenital heart defects, and distinctive craniofacial features. The incidence of Noonan syndrome has been estimated to be 1 in 1000 to 2500 live births and up to 35% of patients exhibit learning disability or mental retardation (Allanson 1987; Schubbert and others 2007; Tidyman and Rauen 2008) . Genetic studies have associated multiple genes including PTPN11 (protein product SHP2, a nonreceptor tyrosine phosphatase), SOS1, RAF1, and KRas with Noonan syndrome (Tartaglia and others 2001; Schubbert and others 2006; Pandit and others 2007; Razzaque and others 2007; Roberts and others 2007; Tartaglia and others 2007) . The mutations of these genes are likely to impair learning ability via dysregulation of Ras signaling (e.g., see Pagani and others 2009) . Although the majority of the mutations are likely to result in a gain of function of Ras signaling, some of them may reduce the signaling. Further functional studies are needed to determine whether and how mutations of PTPN11, SOS1, RAF1, and KRas impair synaptic AMPA-R trafficking and plasticity and cause the learning defects associated with Noonan syndrome.
Schizophrenia
Schizophrenia, as first characterized by Bleuler (1950) and Kraepelin (1971) , tends to begin early in life and cause pervasive impairment in cognitive function, particularly associative learning. Although schizophrenia is a severe psychiatric disorder with a lifetime risk of ~1%, the understanding of the disease remains rudimentary due in part to its subtle, controversial, and ineffective neuropathological correlates (Harrison and Weinberger 2005; Hall and others 2009; van Os and Kapur 2009) . Clinical observations inspire speculation that schizophrenia may be caused by fine alterations of neuronal circuits and synaptic connections. This hypothesis is supported by the fact that many of the genes associated with susceptibility for schizophrenia, including Akt (encodes AKT, or PKB), COMT, Dysbindin, DAOA, GRM3, DISC1, RGS4, NRG1 (encodes Neuregulin 1, or NRG1) and ErbB4 (encodes ErbB4, an NRG1 receptor of the EGF family), may be involved in direct or indirect regulation of synaptic signaling and plasticity (Harrison and Weinberger 2005; Mei and Xiong 2008; Tan and others 2008; Hall and others 2009 Matsuo and others 2008) , these findings provide a potential molecular and cellular mechanism for the prominent defects of associative learning found in schizophrenia.
Tuberous Sclerosis
Tuberous sclerosis, first described in depth by Bourneville (Bourneville 1880) , is a genetic multisystem disorder characterized by widespread benign tumors (hamartomas and hamartias) in multiple organs, and disabling neurologic disorders, including epilepsy, mental retardation, and autism disorder (Kwiatkowski and Manning 2005; Crino and others 2006; Curatolo and others 2008) . The disease, caused by mutations of TSC1 (encodes hamartin) and TSC2 (encodes tuberin), affects 1 in 6000 individuals (Kandt and others 1992; European Chromosome 16 Tuberous Sclerosis Consortium 1993; van Slegtenhorst and others 1997) . Hamartin and tuberin form an intracellular complex that is inhibited by PKB signaling. The hamartin-tuberin complex, which has a functional GTPase-activating protein (GAP) domain in hamartin, inactivates Ras homolog enriched in brain (Rheb), a small G protein of the Ras super family, and thus subsequently inhibits the downstream effector of Rheb, mammalian target of rapamycin (mTOR). The mechanism underlying the mental retardation associated with tuberous sclerosis remains unknown. However, because hamartin and tuberin mediate signal transduction from PKB to mTOR, which is required for phosphorylation and synaptic trafficking of GluR1-containing AMPA-Rs , synaptic and spine plasticity (Tang and others 2002; Tavazoie and others 2005) , and associative learning (Tischmeyer and others 2003; Horwood and others 2006) , it is possible that mutations of TSC1 and TSC2 cause learning impairment by stimulating abnormally high PKB-mTOR signaling.
X-linked Mental Retardation
X-linked mental retardation (XLMR) is a common cause of moderate to severe intellectual disability with clearly X-linked pedigrees as first defined by Martin and Bell, and Renpenning and colleagues (Martin and Bell 1943; Renpenning and others 1962) . XLMR is very heterogeneous, with more than 60 XLMR genes now identified (Ropers 2006; Lisik and Sieron 2008; Humeau and others 2009) . Mutations in some of these genes give rise to clinically distinguishable syndromes, such as fragile X syndrome, Coffin-Lowry syndrome, and Rett syndrome, some of which have been discussed above. Many of the XLMR genes may be directly or indirectly (via regulation of the structure of synapses) involved in synaptic transmission and plasticity. For example, mutations of GRIA3, which encodes GluR3, alter the transmission kinetics of AMPA responses (Wu and others 2007) ; mutations of PAK3, which encodes p21-activated kinase 3, impairs LTP and learning (Boda and others 2004; Meng and others 2005) ; and mutations of OPHN1, which encodes oligophrenin-1 (Billuart and others 1998), destabilizes and removes synaptic AMPA receptors (Nadif Kasri and others 2009). Further studies are needed to determine whether mutations of other XLMR genes, such as RSK4 and ARHGEF6 (Yntema and others 1999; Kutsche and others 2000) , also affect synaptic signaling and trafficking during synaptic plasticity and learning.
Conclusions and Perspectives
Overwhelming evidence indicates that synaptic AMPA-R trafficking, mediated by Ras and Rap signaling, plays a key role in experience-dependent synaptic plasticity, as well as many forms of learning and memory. Happymedium dynamic regulation of Ras and Rap signaling sustains the optimal ratio of distinct populations of AMPA-Rs (i.e., AMPA-Rs with long or only short cytoplasmic termini), vital for maintaining the highest capacity of plasticity, learning, and memory. This notion is supported by genetic findings that disease-linked mutations of a large number of genes functionally converge on various signaling molecules along the Ras and Rap pathways, pushing the Ras and Rap signaling either too high or too low and impairing the signal transduction dynamics. This explains a few common characteristics often shared by mental diseases besides learning disability, including cardiac defects, facial dysmorphism, and altered risk for cancer, given the central role of Ras-PI3K signaling in development and cancer (Hanahan and Weinberg 2000; Schubbert and others 2007) . On the other hand, different signaling molecules in the Ras and Rap pathways differ in their convergences and divergences. This, together with the cell-and organism-specific mosaic expression patterns of mutations, may be responsible for the diversified syndromes observed in different mental disorders. Obviously, besides impairing synaptic AMPA-R trafficking and plasticity in excitatory neurons, our focus in this review, aberrant Ras and Rap signaling may also cause defects in synaptic plasticity and learning via impairments in inhibitory neurons (e.g., Woo and others 2007; Cui and others 2008) , and/or even in nonneuronal cells. This is an exciting time for the research of mental disorders; not only have genetic studies linked a large number of gene mutations with several mental diseases, but recent advances of electrophysiology, imaging, and behavior analysis techniques allow the direct tests of whether and how these mutations may cause learning disability associated with the diseases (i.e., up-or down-regulating Ras and Rap signaling and synaptic AMPA-R trafficking). So far, traditional transgenic technologies have played a leading role in generating mouse models of diseaselinked mutations useful for functional analysis. However, this approach is slow and cost prohibitive for a complete and organized investigation of the very large numbers of mental disorder-associated mutations, for example, more than 15 BRaf mutations associated with cardiofacio-cutaneous syndrome and more than 10 PTEN mutations associated with autism (Schubbert and others 2007; Orloff and Eng 2008) . Thus, developing a rapid "transgenic" or gene modification technology becomes an urgent task. Obviously, once animal models are generated for these mutations, the physiology and behavioral analysis should immediately suggest potential pharmacological treatments for these diseases, given particularly that a large number of effective compounds stimulating or inhibiting Ras and Rap signaling are already FDA approved or currently in clinical trials for treating depression and cancer (Beaulieu and others 2009; Hersey and others 2009; Liu and others 2009; Wagner and Nebreda 2009; Wong 2009 ). In addition, defining the role of mutations in mental diseases should also suggest effective genetic therapeutic treatments for the patients. Thus, we anticipate a significant improvement of patient welfare in the near future by using this line of translational research.
